BACKGROUND: Adaptive eLearning allows students to experience a self-paced, individualized curriculum based on prior knowledge and learning ability. METHODS: The authors investigated the effectiveness of adaptive online modules in teaching cervical cytopathology. eLearning modules were created that covered basic concepts in cervical cytopathology, including artifacts and infections, squamous lesions (SL), and glandular lesions (GL). The modules used student responses to individualize the educational curriculum and provide real-time feedback. Pathology trainees and faculty from the authors' institution were randomized into 2 groups (SL or GL), and identical pre-tests and post-tests were used to compare the efficacy of eLearning modules versus traditional study methods (textbooks and slide sets). User experience was 
INTRODUCTION
As advances in medical education and technology take an intensifying role in medical practice, new and innovative approaches to augment postgraduate training have been explored. With the need to balance rigorous clinical responsibilities with impactful learning opportunities, efficient and portable learning experiences have become attractive solutions. With respect to pathology, in which most case material exists in a limited physical format (glass slides), the need for both equity and breadth of training also represents a unique challenge. Web-based technologies offer a means of access to the current generation of pathology trainees, who rely on and expect technology-based education centered around adult learners.
technology has the potential to offer individualized, portable, and efficient instruction. However, few groups have specifically assessed the efficacy of adaptive eLearning platforms in medical education. 1, 2, 4 Wong et al developed adaptive eLearning tutorials for medical students in the field of radiology, a specialty that also relies heavily on the interpretation of visual stimuli. They compared the utility of these modules with a preexisting, static, web-based resource and observed that students using the adaptive tutorials obtained significantly higher assessment scores; in addition, students noted better engagement and value with adaptive eLearning modules compared with the static resource.
Although there appears to be utility in radiology, very few adaptive modules have been evaluated specifically for pathology trainees. Van Es et al developed modules using the same adaptive eLearning platform for teaching concepts in cytopathology and compared these modules with traditional study methods-textbooks and slide sets.
1,2 They collected data on both postgraduate and medical students across 2 separate publications. In both publications, the adaptive tutorials were equivalent to traditional methods with respect to efficacy outcomes. However, the authors pointed to the improved experience and participant perceptions of efficiency to support the value and utility of adaptive tutorials.
Although Van Es et al demonstrated equivalent efficacy when comparing adaptive eLearning platforms with traditional methods for teaching basic cytopathology, scanned whole slide images (WSIs) formed the basis of their educational material. The authors noted that challenges related to using a WSI approach included an inability to evaluate material in the z-axis.
1,2 Although these early studies appear to demonstrate a positive user perception of adaptive eLearning, questions remain regarding its optimal role in and impact on postgraduate cytopathology education. In the current study, we investigated the effectiveness of adaptive online modules in teaching cervical cytopathology.
MATERIALS AND METHODS
This study focused on the utility of adaptive eLearning methods for teaching basic cervical cytopathology. (Fig. 1) . Adaptivity features were tied to assessments of knowledge, which, based on performance, guided the student to the next learning concept or redirected the student to remedial didactics. This study was approved as exempt by the University of Pennsylvania's Institutional Review Board. Participants were recruited by email and an informational session, which reviewed the objectives and content of the study. Participants included a mix of medical students, residents, fellows, and faculty in pathology at the Hospital of the University of Pennsylvania. Participants were anonymously randomized to 1 of 2 groups, which were evenly balanced among junior and senior participants. Participants had 1 month to complete the study during their own time outside of clinical responsibilities.
The study was conducted using a randomized, mixed-methods, crossover design to assess and compare the efficacy of eLearning modules with traditional study methods (such as textbooks and slide sets). This participant experience was divided into 3 phases (Fig. 2) . During phase 1, all participants completed the Artifacts and Infections adaptive eLearning module, which helped control for any differences between the groups regarding usability of the platform. During phase 2, group 1 (the SL group) completed the Squamous Lesions adaptive eLearning module, whereas group 2 (the GL group) completed the Glandular Lesions adaptive eLearning module. During phase 3, the groups crossed over topics with group 1 (SL group) participating in self-study of glandular lesions using traditional methods (textbooks and available departmental teaching slide sets), whereas group 2 (GL group) participated in self-study of squamous lesions. This mixedmethods, crossover design served to control for any additional differences in prior knowledge/experience in cervical cytology between groups.
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Efficacy was assessed by a 28-question, multiplechoice test using images, similar to what might be used in standardized pathology examinations. The test as a whole covered basic content from all 3 educational topics (artifacts and infections, squamous lesions, and glandular lesions) and assessed medical knowledge as well as the application of diagnostic criteria and recommendations for patient management. The content of the examination closely reflected what could be learned in the relevant eLearning module or readily studied from the Bethesda system text and other traditional resources. Questions were coded by educational topic (each comprising approximately onethird of the assessment), allowing for comparison of question performance by educational topic and, thus, the learning method. Test scores for each individual were calculated for each of the 3 topics as a percentage (the number of questions answered correctly in a particular topic divided by the number of questions on that topic). Test scores for each topic were then averaged within the SL and GL groups.
This assessment was given to all participants before phase 1 (pre-test). The same assessment was given to all participants at the conclusion of phase 3 (post-test). The assessments could only be attempted once as a pre-test and once as a post-test. The order of answer choices was randomized for each user to diminish possible recall between pre-testing and post-testing sessions. Participants received no feedback during the pre-test assessment, whereas real-time feedback was given during the post-test. Assessment scores were compared within and between each group for each phase of the trial to determine the efficacy of adaptive eLearning modules compared with traditional methods.
Participants were also given a short questionnaire, including both a Likert scale (from 1 to 5, where 1 indicates completely disagree; 2, somewhat disagree; 3, neutral; 4, somewhat agree; 5, completely agree) and free-text responses, pertaining to user experience and subjective assessment of the modules. Likert scale responses to the questionnaire were compared among groups, and anonymous free-text responses were reviewed for recurring themes.
RESULTS
In total, 36 participants were randomized between group 1 (17 participants) and group 2 (19 participants); the distribution of participants between the 2 study groups is provided in Table 1 . Sixteen of 17 participants completed the Squamous Lesions module (the SL group), and 19 of 19 participants completed the Glandular Lesions module (the GL group).
In phase 1 of the trial, both the SL group (group 1) and the GL group (group 2) received an adaptive eLearning module on artifacts and infections. Pre-test average scores (artifacts and infections questions only) between groups were comparable (SL group, 86%; GL group, 83%). Post-test average scores in this topic for both groups were identical at 88%.
In phase 2, the SL group (group 1) received an adaptive eLearning module on squamous lesions, whereas the GL group (group 2) received a module on glandular lesions. In phase 3, which focused on traditional methods, the SL group (group 1) was instructed to use textbooks or study slides to review glandular lesions, and the GL group (group 2) was instructed to review squamous lesions. For content on squamous lesions, pre-test average scores (squamous lesion questions only) between groups were nearly identical (SL group, 47%; GL group, 46%). The SL group, which used the online module, had an average post-test score of 62% compared with 57% in the GL group, which used traditional methods. For content on glandular lesions, pre-test average scores (glandular lesions questions only) between groups were identical at 51%. The GL group, which participated in the online module, demonstrated an average post-test score of 74% compared with 53% in the SL group, which used traditional methods.
Overall (for all topics combined), the average pre-test scores for participants who used traditional study methods and those who used the online adaptive eLearning modules were identical at 49%. The average post-test assessment score for participants who used traditional study methods was 55%, whereas that for participants who used the online adaptive eLearning modules was 68%. The compiled results of the pre-test and post-test assessments are provided in Table 2 .
With regard to the post-trial questionnaire, users demonstrated several trends in subjective assessment. Table 3 Open-ended responses highlighted many positive features of the adaptive modules. Users reported that they favored the unique learning features, including interactivity features: "The interactive aspect is very interesting and engaging," according to 1 participant. In particular, the Adaptive eLearning in Cytopathology/Samulski et al
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drag-and-drop feature for identifying cells and cellular features was favorably received by multiple participants. Furthermore, participants overwhelmingly cited immediate feedback as a positive aspect of the modules. Participants favored the adaptive eLearning modules over traditional texts, with 1 participant stating, "I think this type of learning is more impactful than just reading about a topic." The portability of the module was also a favorable feature, as highlighted by this comment: "I like how the learning could be done at my own pace and that I could start and stop as I pleased." Responses regarding negative aspects of the module included the inability to review prior content and a slow upload time for images.
DISCUSSION
Adaptive eLearning modules integrate traditional didactic material with interactive and adaptive features. These features provide immediate feedback and tailor the learning experience to the learner's abilities, which has a significant advantage over static reading assignments and self-study. Combined with the intuitive interface and convenience, these types of modules empower busy learners. The accompanying analytic capabilities of the platforms also allow for continual improvement and maintain the dialogue between educators and students.
Although these aspects of adaptive eLearning modules have great potential for improving postgraduate pathology education, few studies have specifically compared these platforms with traditional study methods for cytopathology trainees. In the current study, we explored the efficacy and user perceptions of these modules in teaching basic cervical cytopathology. This topic was chosen based on the well established criteria and standardized content offered by traditional learning methods (Bethesda System text, standard liquid-based slides). Whereas other authors have explored the use of similar platforms with integrated WSIs, our study represents the first to examine the efficacy of these platforms using traditional still images as educational material. Our study focuses on the technology of adaptive eLearning platforms as an educational delivery method compared with more traditional methods.
Overall, participants in both groups demonstrated notable improvement in post-test scores for content that was covered by the adaptive eLearning module (see Table  2 ). The magnitude of this improvement also was greater for participants who used the adaptive eLearning modules compared with those who used traditional study methods in both groups. Although others have reported that adaptive eLearning modules in cytopathology education are comparable to traditional learning methods, 1,2 our findings suggest a potential advantage of the adaptive eLearning delivery platform in this setting. Apart from efficacy, the post-trial questionnaire highlighted that the modules were not only effective in presenting content and concepts but were also an efficient and convenient way to review material. Participants felt that the platform was more engaging than lectures and texts, adding to the perceived value of the modules as an educational tool.
Although our results and the subjective perceptions of participants were overwhelmingly in favor of adaptive eLearning modules in cervical cytopathology education, there were some negative perceptions, which are worth mentioning. Most of the negative, open-ended responses pertained to limitations of the platform technology in providing a seamless and functional experience for independent learners. Participants repeatedly cited the inability to review prior content as a disadvantage, whereas many noted the slow upload time for images as a detracting factor. These issues have been raised previously 5 as areas for improvement in adaptive eLearning platform technology. Unlike previous studies, we chose to focus on still images in our modules for several reasons. Unfortunately, the absence of z-stacking information limits the utility of WSIs in cytology, because z-stacking provides the ability to simulate focusing up and down to assess additional cytologic details. In addition, the file size of WSIs exceeds reasonable expectations for the time required to upload content. Because the goal of most learning modules is to teach and reinforce basic principles, because these principles are routinely assessed by still images in licensing examinations, and because of technologic constraints, we chose to use still images over WSIs. On the basis of our results, this approach may be more effective than WSIs 1, 2 ; however, the role of WSIs in cytopathology will continue to evolve as technology improves.
We acknowledge several limitations of our study. Although our participant pool included nearly an entire residency program as well as a range of experience levels, the sample size was still small. In addition, whereas the premodule and post-module assessments demonstrated differences between groups, the assessments were limited in length and depth of content, so they may not have fully Original Article captured detailed differences between the groups. The pretest/post-test and adaptive modules were developed by the same authors, so the test results may be skewed in favor of eLearning because of the same authorship and computerbased format. However, the exact questions and images used in the test were not reused in the adaptive modules. In addition, participants were asked to rely solely on the designated method for acquiring knowledge within a module, but this study was not performed within a controlled environment. Participants completed the study at a time and place of their choosing, so we could not ensure that traditional methods were used in a standardized fashion. Finally, the modules were developed in-house and were launched to this initial study group for the first time, so technical difficulties and residual errors in the adaptive pathway programming had to be addressed as they were reported. However, an advantage of the platform is that future versions can improve and expand upon existing modules.
Conclusions
Adaptive eLearning platforms represent an emerging educational tool that offers many potential benefits for postgraduate trainees. After using adaptive eLearning modules for cervical cytopathology, learners had an improvement in their knowledge compared with traditional methods. Overall, the modules were viewed positively by participants. The perceived efficiency, portability, and interactive nature of the platforms are desirable features for busy adult learners. Given these attributes, adaptive eLearning modules can provide an engaging and effective adjunct to traditional teaching methods in cervical cytopathology.
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